Simulation of behaviors in emergencies is an interesting subject that helps to understand evacuation processes and to give out warnings for contingency plans. Individual and crowd behaviors in the earthquake are different from those under normal circumstances. Panic will spread in the crowd and cause chaos. Without considering emotion, most existing behavioral simulation methods analyze the movement of people from the point of view of mechanics. After summarizing existing studies, a new simulation method is discussed in this paper. First, 3D virtual scenes are constructed with the proposed platform. Second, an individual cognitive architecture, which integrates perception, motivation, behavior, emotion, and personality, is proposed. Typical behaviors are analyzed and individual evacuation animations are realized with data captured by motion capture devices. Quantitative descriptions are presented to describe emotional changes in individual evacuation. Facial expression animation is used to represent individuals' emotions. Finally, a crowd behavior model is designed on the basis of a social force model. Experiments are carried out to validate the proposed method. Results showed that individuals' behavior, emotional changes, and crowd aggregation can be well simulated. Users can learn evacuation processes from many angles. The method can be an intuitional approach to safety education and crowd management.
Introduction
Earthquakes are sudden and life-threatening natural disasters. Emergency evacuation is a key issue to prevent and reduce civilian casualties in earthquakes. A fully understanding of evacuation behavior and evacuation time is essential to make an operative emergency evacuation plan.
By analyzing existing emergencies, researchers find that people's physiological and psychological states and evacuation behavior have some common properties. Based on these findings, evacuation simulation models are built to help engineers, designers, facility managers, evacuation planners, and others to understand people's behavior during earthquake evacuation. However, these evacuation scenarios are normally simulated with numerical methods, not with visualized 3D technology.
With the development of artificial intelligence and virtual reality, virtual characters become more intelligent. At the beginning, virtual characters' behaviors were predefined by scripts. They could not move autonomously. Researchers improved that by proposing numerous models to enhance their self-learning and autonomy. Furthermore, considering individual differences, affective computing was applied in modern simulation models. Nevertheless, emotional models are still not combined with the earthquake evaluation simulation very well.
In emergent circumstances, individuals' behaviors will be affected by their emotions and personalities. For example, in the video of the Nepal earthquake, we can see that people panicked and showed a herd mentality (see Figure  1 and Figure 2 ). Therefore, this paper simulates individual and crowd behavior in the earthquake evacuation by taking emotions and personalities into consideration.
The paper is structured as follows: in the next section, we review the related work. We then propose a model to simulate individual behavior in earthquake evacuation in Section 3. In Section 4 we propose a model to simulate crowd behavior in earthquake evacuation. In Section 5 we conduct experiments to validate the proposed models and report the results. Finally, we draw our conclusions in the last section.
Related work
One of the critical challenges in the development of earthquake evacuation models for pedestrian crowds is the lack of complementary data under emergency conditions. Bernardini and colleagues proposed an innovative database for earthquake evacuation models according to literature suggestions. 1 Gu and colleagues collected some earthquake videos to analyze school students' real emergency evacuation behavior. After analysis, they found students' emergency evacuation behavior was much more chaotic than that of the general adult population. Students' reaction time under emergency circumstances was shorter than the general adult population and much longer than that under normal conditions. Furthermore, the authors noted that they could not observe the ''faster is slower'' effect in those videos. 2 Garcimartín and colleagues presented controlled tests in which a group of students were asked to exit a room through a door. 3 As human data are scarce and hard to analyze, some researchers conducted experiments with social animal groups to explore pedestrians' evacuation dynamics in panic scenarios. Some researchers carried out experiments with ants to observe the ''faster is slower'' effect. 4, 5 As ants are social insects that live in a self-organized colony and perform all tasks and behaviors for the benefit of the group rather than the individuals, they do not produce a higher density zone near the exit point. Consequently, the ''faster is slower'' effect observed in ants is different from that in the social force model. Sobhani and colleagues observed panicked woodlice and presented a macro-level analysis to investigate the relationship of exit flow and exit jam characteristics. 6 The results revealed that exits will bear greater pressure in emergencies since panicked agents will look for a way to get through the exit and cause more jam pressure. Considering insects are different from humans we observed mice's evacuation dynamics. The results showed that mice had stronger reciprocity and sociality than insects. Thus, as the most advanced mammals, humans will be much more social. Emotional contagion will have more influence on panicked people.
However, results of animal experiments cannot be applied directly to humans. Some researchers collected empirical data through interviews, surveys, or reports for computational models. For example, Haghani and Sarvi collected stated-choice data in face-to-face interviews with passengers as they exited a major railway station in Melbourne to find out underlying rules that govern exit wayfinding of pedestrians in multi-exit places. 7 Drury and colleagues conducted two studies with a questionnaire survey and semi-structured interviews to find out how ''disaster myths'' operated in practice. 8 Dezecache used reports of individuals who have actually experienced emergency situations to prove Le Bon's findings that crowd behavior is part of an ideological agenda and is of little scientific value. 9 Significant progress has been made within recent years in developing mathematical models and platforms for simulating escape behavior of pedestrian crowds. Wagner and Agrawal presented a prototype of a computer simulation and decision-support system that used agent-based modeling to simulate crowd evacuation. 10 Shiwakoti and colleagues used a modeling framework to examine crowd behavior in ants and humans. 11 Bernardini and colleagues analyzed evacuation behaviors and proposed an agentbased model for evacuation simulation. 12 Chu and colleagues presented an agent-based platform to model building occupants' evacuation actions. 13 Results showed that both agents' familiarity with the building and social influence could significantly impact egress performance. Chu and colleagues developed an agent-based egress tool to simulate individual, group, and crowd behavior during evacuations.
14 In this paper, they proposed different navigation strategies without discussing the impact of human psychology in emergencies. Based on the analysis of videotapes, D'Orazio and colleagues presented an agentbased model to describe phases and rules of motion for pedestrians. 15 Based on their previous work, D'Orazio and colleagues implemented a simulator to evaluate probable pedestrian choices in different scenarios, and check solutions for reducing interference between the human evacuation process and the built environment. 16 Integrated with the social force model (SFM), Xiao and colleagues developed a simulation model to explore influences of human behavioral aspects and seismic responses of buildings on earthquake evacuation. 17 Okaya and Takahashi presented a system with evacuation guidance. 18 With that system, they demonstrated how differences in information transfer rates and in the content of guidance affect evacuation.
To conclude existing studies and evaluate different approaches, Bemardini and colleagues reviewed current literature on human behavior in earthquakes and suggested a ''behavioral design'' approach to risk-reduction strategies. 19 Viswanathan and colleagues simulated three classical crowd models and quantitatively compared them with six measurements. 20 Besides these examples of academic research, evacuation simulation has also been developed in the commercial field. Pathfinder, 21 a piece of commercial software, uses navigation meshes in pathfinding. It can mimic occupants' orderly evacuation in multi-floor stairwells (see Figure 3) . However, in real emergencies, people will scramble to escape the building and cause chaos, and there will not be such order. That is to say, the simulation is not in conformity with the emergent circumstances. Pedsim is another pedestrian crowd simulation system based on the social force model. 22 However, aggregation between individuals is not obvious in this system. For example, as is shown in Figure 4 , when the rightward crowd encountered the downward crowd, some people would leave the group and escape alone. In contrast, people are always in the pedestrian flow in real emergency events.
Most studies did not incorporate psychological factors in simulation models. To simulate more believable behaviors, researchers tried to create virtual characters with psychological factors. The OZ project at Carnegie-Mellon University did a lot of research on emotion and personality for believable characters. 23 Badler and colleagues adopted finite state machines to control virtual characters' behavior. Locomotion parameters were used to control virtual characters' emotional status. 24, 25 Prada and colleagues endowed autonomous synthetic characters with social skills that allowed them to act in groups with human members. 26 Funge and colleagues established cognitive models to make behaviors more natural and intuitive. 27 Based on the OCEAN personality model, Durupinar and colleagues provided each agent with a personality model. 28 In this system, each personality trait has an associated nominal behavior.
Among those psychological factors, emotion is a difficult and interesting topic studied by many researchers. Ortony and colleagues presented the famous OCC theory and proposed a computational emotional structure. 29 In this theory, emotion primarily depends on the events, agents, or objects in the environment. It has laid the foundation for modern emotional models. Picard summarized previous research on emotion and presented contents of affective computing. 30 El-Nasr and colleagues proposed logic for a rule-based emotional model, which could map the evaluation from events to emotional intensities. 31 Sun and colleagues constructed a hierarchical fuzzy rule-based system to model personality and emotion for a story character. 32 Gratch and Marsella presented the EMA emotional model with cognitive appraisal theories. The model included domain-independent algorithms for cognitive appraisal. 33, 34 Lim and Aylett proposed emergent bodymind architecture for emotions, behavior, and belief regulation. In this architecture, emotions were not handcrafted, but emerged from modulation of cognitive processing. 35 Durupinar and colleagues created a framework that associated psychological components with individual agents comprising a crowd and yielded emergent behaviors in the crowd as a whole. 36 Liu and Lu proposed a model that integrated stimuli, motivation, behavior, emotion, and personality. 37 When facing unconventional emergencies, people's panic emotions can be more easily generated and spread. The distribution of emotion is called emotional contagion, which refers to the process of mood or emotion transference between people. 38, 39 Wang proposed a qualitatively simulated approach to model and study the spread of panic. 40 Fu and colleagues employed a multigrid model to understand pedestrian dynamics in counter-flow. 41 They pointed out that emotion propagation could either increase the desired speed or lead to congestion during the evacuation. Bosse and colleagues proposed an emotional contagion model that used an agent-based approach to formalize and simulate emotion contagion spirals within groups. However, this model could not be used for crowd behavior animation. 42 Most of the emotional contagion models are based on the appraisal theory, [43] [44] [45] which is not suitable for simulating large-scale crowds in emergency situations.
Although much work has been done on behavioral simulation, a lot of problems still need to be resolved for simulating human behavior during emergency evacuation. With the development of virtual reality, it is possible to conduct behavior simulation experiments. Therefore, extreme scenarios can be explored in the visual environment. Both contingency plan designing and safety education will benefit from this technology. However, psychological factors are rarely involved in earthquake behavior simulation. Most existing models analyzed human behaviors from the perspective of engineering mechanics. To generate more realistic behaviors, this paper provides characters with personalities and emotions.
3. Visualization of 3D virtual scenes and individual behaviors 3.1. A platform for earthquake evacuation simulation
We have developed a virtual platform for earthquake evacuation simulation using C++. The platform is based on the open-source graphics toolkit OpenSceneGraph (www.openscenegraph.org) and open-source physics engine Bullet (www.bulletphysics.org). In this platform, the user interface is designed by Qt (www.qt.io) and the effects of flames and fumes are generated by the SPARK particle engine (https://sourceforge.net/projects/sparkengine). Although some existing game engines can do simulation, they are not user-friendly enough. For example, for Unity3d (https://unity3d.com), users need to be familiar with programming. If they need to realize a specific simulation, they need to write the code themselves. In contrast with these general engines, our platform focuses on the earthquake evacuation simulation. Users do not need to write any code. They just need to edit the scene file to get a specific scenario for the evacuation. The platform can simulate large scenes and can be further developed for other evacuation simulations. Functional modules in this platform are illustrated in Figure 5 .
1. Scene editor: In this system, scene files are XML files. Users can drag predesigned objects to build their own scenes. Every object can be adjusted to adapt the new scene (a demonstration scene is shown in Figure 6 ). Other geometric models drawn by users can also be imported into the platform object library. To navigate characters through the environment, key evacuation points will be set along zones like stairwells, doors, and corridors that must be passed during the evacuation. 2. Sensor design: There are three kinds of sensors in this platform: position sensor, trigger sensor, and collision sensor. When a virtual character moves to a certain location, the position sensor will be triggered and corresponding text (including voice) will pop up. The trigger sensor is set on a specific object. It will make the object move when a character touches it. The collision sensor is a mechanism to avoid collision. For example, it can ensure a character does not bump into a wall. 3. Character design: Users can select virtual characters from the character library. Characters' initial parameters and default escape points are recorded in the text file. Their behaviors are composed of actions, which are obtained in advance through motion capture devices. Based on the finite state machine, behaviors can be switched from one to another.
Effect rendering:
Based on the integrated opensource physics engine and particle engine, our platform can simulate various physics-based events and visual effects such as collapse, fire, and smoke in earthquakes.
As in the real world, virtual characters will move in a space that has horizontal and vertical directions. Their movements are driven by preset navigation points. This paper assigns key navigation points in the scene for each character. When characters move among these points, collision detection is applied to avoid in-front obstacles and floor penetration. An AABB bounding box, 46 which surrounds a character with a hexahedron, is designed to realize the collision detection algorithm.
As shown in Figure 7 , two kinds of collisions need to be detected: horizontal collision and vertical collision. For horizontal collision detection, a horizontal ray is used to detect whether there is an obstacle in the path along the path. Let h be the maximum height that a character can step over and P current be a central point on the bottom of the bounding box. P current1 is a point that raises a height h from the point P current . It is also the starting point of the horizontal ray. The ray will point to the next navigation point P along the direction of the character's movement. To detect horizontal collision, we need to find out whether the horizontal ray intersects the surface of the bounding box that surrounds an obstacle. If there is no intersection, which means there is no collision, the virtual character can keep on moving forward. Otherwise, the character may change motion direction to avoid an incoming collision. Let P next1 be a new position that the virtual character will achieve when it moves one step forward, P 0 will be an intersection point at which the horizontal ray intersects the obstacle's bounding box. If the distance between P next1 and P 0 is greater than or equal to the step of the character, the character will keep on moving forward; if the distance is less than that, it will change its direction. It will choose the shortest path to bypass obstacles and keep on moving to the next navigation point P.
Vertical collision detection is used to make sure characters will not float up or fall through the floor during their movement. While doing collision detection, a vertical ray comes out from point P next1 and intersects the ground surface at point P 1 , which is the central point on the bottom of the bounding box in the next step.
Visualization of evacuation behavior
Behavior animation is an important part of computer animation. A good behavioral animation should present virtual characters' behavior realistically and distinctly. The pipeline of producing realistic behavioral animation includes motion capture, file conversion, animation editing, and animation playing. In our system, motion capture and file conversion can be realized as follows.
There are two kinds of motion capture devices that are commonly used in the market: one is based on optics, the other is based on inertia. The character behavioral animation data used in this paper are human motion data collected by an optical motion capture device, Motion Analysis, which uses special clothes, 12 cameras, 40 sensor points (per person), and Cortex 5.3 software.
Before the data collection, 40 sensor points need to be attached on important parts of the performer's body and motions need to be calibrated. After the performer has completed this stage (see Figure 8 ), 3D human motion data can be collected. The originally collected data are stored in CAP files and can then be converted to TRC files with Cortex 5.3. To generate FBX files that can be imported into the proposed system, we used MotionBuilder to convert TRC to FBX files.
Some special issues need to be considered in the FBX bone animation process:
1. In the character modeling stage, issues regarding mesh accuracy need to be considered. More meshes can make more elaborate models and more realistic characters. However, when a character model changes dynamically, it is time-consuming to compute meshes in real time. Therefore, in the actual application, a general character does not need too many meshes. The number of patches and vertices should be reduced as much as possible as long as the accuracy of the character model meets requirements. 2. In biped skeleton system creation and skeleton matching stages, issues regarding setting need to be considered. For example, when creating a biped skeleton system, the number of spine links should be changed to three and toe links should be changed to one; when matching a skeleton, the skeleton system should be set as body mode. 3. In the skinned mesh stage, issues regarding scheme need to be considered. Physique and Skin are two similar methods that can be used for skinned meshes in 3DS Max. Both of these will add a skeleton and repeatedly adjust the weight of the envelope to achieve a better effect in the skinned mesh. 4. In the motion loading stage, issues regarding motion data need to be considered. Some motions come from the existing BIP file library. Users can capture and modify motions from these files. The other motions are created by users with a finetuned skeleton. To avoid data redundancy, motion flow mode can be applied to integrate multiple BIP motion files into one BIP file, so that repetitive data will be removed. With this scheme, a single FBX file will have multiple motion data and the amount of skeleton data can be reduced.
Influencing factors for individual behaviors
According to Funge's cognitive modeling, human behavior can be divided into four layers: geometric, kinematic, physical, and behavioral (see Figure 9 ). 27 Based on this model, we present a cognitive architecture for behavior simulation (see Figure 10 ). 3. Cognition: This module includes goals, planners, emotion, personality, motivation, behavior, social attributes, and social attitude. Goals are preset in a script file. They will be destination points. Planners are used to generate appropriate behavioral plans for characters. These plans are based on goals, external stimulus, and social attributes. According to these plans, behavioral codes can be generated by actuators. Emotion indicates the character's emotional status. It can be activated by external stimulus and psychological motivations. After being activated, emotional expression code will be sent to actuators. Personality can be described by the OCEAN personality model, which presents five main personality types: openness, conscientiousness, extraversion, agreeableness, and neuroticism. Each type has a positive and negative pole. Personality traits for each pole are given in Table 1 .
When dealing with emergencies, open (O+) and conscientious (C+) people can effectively respond to the change and make the best decisions for the current situation. Solitary (E-), detached (A-), and neurotic (N+) people are more likely to have extreme behavior, such as jumping off the building, when dealing with unexpected disasters. Motivation is described by Maslow's hierarchy of needs (see Figure 11) . In this paper, safety and love/belonging needs are two factors that will affect characters' behaviors in unexpected disasters. Driven by their safety needs, characters will escape from the dangerous area as soon as possible. Nevertheless, they will do something unsafe according to their love/belonging needs. For example, when an earthquake happens, parents will not flee alone without their children. They will go to look for their children and escape together with them. In this circumstance, love/belonging needs exceed safety needs. Social attributes can be represented by social identity. Combined with social norms, including social standards and social relations, these attributes will govern individuals' behaviors in a certain social context. Social attitude refers to individuals' attitudes toward social norms. Different social attitudes will lead to different social behaviors. People who comply with social norms will generally constrain their behaviors. For example, social norms require nurses to help and guarantee patients escape during the earthquake. Thus, nurses who obey social norms will not escape by themselves but will help patients to escape first. If a nurse is selfish and does not obey social norms, she will flee by herself and leave patients alone. Social behaviors are listed in Table 2 
Typical behaviors in earthquakes
Based on the above architecture, typical behaviors in earthquakes can be shown in Figure 12 . Taking the hospital scene as an example, when characters perceive an earthquake, they will keep their current status or choose appropriate behaviors according to their safety needs. Although people tend to be selfish in earthquakes, they can also be altruistic under the influence of affection and social norms. For example, parents will wait for or find their children 
Simulating emotion for a virtual character
During the evacuation, individuals' psychology will change with the environment. In this paper, we use personality and emotion to describe individuals' psychology. Two kinds of individual emotions are discussed in this paper: fear and hope. The intensity of fear is related to the distance from the building, the magnitude of the earthquake, and emotion from other people. Fear intensity can be calculated as follows:
where D is the distance from the safe zone (the middle of the square) to the door, d danger is the distance from the current position to the door, M is the magnitude of the earthquake, M 2 ½1, 9 and a, b, g are personality coefficients. For people with type-C personality, a, b, g are equal to 1; for people with type-N personality, a, b, g are equal to 0.5 and the intensity of fear is enhanced; for people with type-AEO personality, a, b, g are equal to 2 and the intensity of fear is reduced. AVE fear is the mean intensity of fear around the character, a 1 is a regulation coefficient, a 1 2 ½0, 1. The term a 1 3 AVE fear is used to calculate fear contagion. The intensity of hope is related to the distance from the current position to the safe zone and the contagion of emotion. Hope intensity can be calculated as follows:
where v, u are personality coefficients. For a C-type person, v, u are equal to 1.0; for people with type-N personality, v, u are equal to 2 and the intensity of fear is reduced; for people with type-AEO personality for, v, u are equal to 0.5 and the intensity of fear is enhanced. AVE hope is the mean intensity of hope around the character, a 2 is a regulation coefficient, a 2 2 ½0, 1. The term a 2 3 AVE hope is used to calculate hope contagion. As emotion influences individuals' velocity, the virtual character's velocity can be calculated as follows:
where V MAX is the maximum speed, P MAX is the maximum energy. Let P 0 be initial energy and V consume be energy consumption rate. The current energy P can be expressed as follows:
where V consume = k 1 3 v and k 1 is the coefficient of consumed energy, k 1 2 (0,1).
To represent the character's emotion, facial expressions are simulated. Based on geometric interpolation, a new facial expression GM new can be calculated as follows:
where GM 0 is the facial geometry for a neutral expression, FN is the number of different facial geometries, fn 2 [0, FN]. GM fn is a facial geometry, wh fn is a parameter, wh fn 2[0, 1], wh fn = max(e fear , e hope ).
Modeling crowd behavior in an earthquake evacuation
Panic and gathering phenomena will occur in the earthquake evacuation. It is necessary to make a quantitative simulation for the movement of the crowd evacuation. The social force model is a classical model to simulate crowd movement. It can simulate the gathering phenomenon near the exit. However, without considering personality and emotion, this model simplifies the movement of the crowd into mutual forces between individuals. On the basis of the social force model, this paper considers the emotional factors of the crowd. Let VC i be the ith virtual character, it has following parameters:
M i is the mass of VC i , r i is the radius of region around VC i ; dir i is a unit vector, which is the motion direction of VC i ; V i is the velocity of VC i ; L i is the current position of VC i ; PRS i is a sectorial perception region to detect moving objects; PS i is the personality vector of VC i . According to the OCEAN model, PS i = P o , P c , P e , P a , P n ð Þ . Here P o , P c , P e , P a , P n represent different personality types and have a value between 0 and 1. A virtual character with E-type or N-type personality is likely to be a leader; RC ji is used to describe how VC i 's emotion will be influenced by VC j . RC ji = [0,1]. If RC ji = 0, the emotion of VC j will not be influenced by VC i ; if RC ji = 1, the emotion of VC j will easily be influenced by VC i ; and SD ij is used to describe how VC i will influence VC j 's emotion. SD ij = [0,1]. If SD ij = 0, VC i cannot influence VC j 's emotion; if SD ij = 1, VC i can easily influence VC j 's emotion.
Emotional parameters listed above are used to describe how emotions influence crowd behaviors in an earthquake evacuation. Based on Helbing and colleagues' social force model, 47 forces for VC i can be calculated as follows:
Where P j(j6 ¼i)f ij is the force between virtual characters (friction force is not considered here). F leader is an attraction that attracts virtual characters to the leader. Let dir be the direction to the leader, dir_length be the distance to the leader. F leader can be calculated as follows:
where l is the coefficient and EP i is the expression intensity of VC i . It is related to the personality vector PS i . EP i can be calculated as follows:
where PT is a function used to enhance the influence of personality. It can be calculated as follows:
For a character with type-N personality, the value of PT will be bigger than 1. When 0 4 P n \ 0:5, PT P n ð Þ= 1 + P 2 n ; when 0:5 4 P n \ 1, PT P n ð Þ= 1:25; For a character with type-O, -E, or -A personality, PT P o ð Þ= PT P e ð Þ= PT P a ð Þ . Its value will be bigger than 1. Taking type-O personality as an example, when 0 4 P o \ 0:5, PT P o ð Þ= 1 + P o 3 ; when 0:
EI i is the emotion intensity. It represents the character's emotional state.
For the virtual character VC i , the emotion contagion DEI ji from VC j to VC i is calculated by the following formula:
where PEI ji is used to describe whether VC j 's emotion can be perceived by VC i ; it relates to the distance between characters. If VC j is in PRS i , PEI ji can be calculated as follows:
where ds(ji) is the distance between VC j and VC i . If PEI ji = 0, VC j 's emotion cannot be perceived by VC i ; if PEI ji = 1, VC j 's emotion can be easily perceived by VC i . When earthquakes happen, crowd behavior can be simulated with the following steps:
1. Initialize all virtual character's parameters. 2. Check L i ; detect collision with static obstacle; detect whether the exit is in the PRS i . 3. Calculate emotional contagion value within PRS i ; update emotion expression intensity. 4. Move to the character with the biggest emotion expression intensity within PRS i . 5. Driven by the force from Equation (6), the character will move to the nearest exit. If the character is in the corner of an exit or wall, it will change its direction.
Experiments and results

Visual simulation of individual behavior in an earthquake evacuation
With the proposed virtual platform and models, we designed a game for safety education. In this game, buildings may collapse due to the shaking ground, and fire may be caused by electrical short circuits. Through virtual characters, users can experience the evacuation process. They should escape to safe zones outside the building within a specified time. To simulate real scenes, several obstacles are set during the evacuation. Some typical hazards are listed as follows.
1. Damaged elevator: The user will fall if he tries to use a damaged elevator. 2. Fire: When encountering a fire, the user can choose to find another way to avoid it, force through it, or find a fire extinguisher to put it out. 3. Balustrade: After reaching a balustrade, some users may jump off the building to escape. If they try to do so, their avatar will fall to its death. This setting is used to remind users that jumping off a building is not the right approach in an evacuation. 4. Smoke: Users need to bypass the smoke when they encounter it.
Through virtual characters' behaviors are controlled by proposed behavior rules, users will learn what they should do during the evacuation. In addition, NPCs (non-player characters) are introduced in our system. These characters have autonomic behaviors in the game. For example, an NPC nurse will stand beside the escalator to remind users not to use the escalator.
Figures 13-18 are experimental results for simulating individual behaviors in the earthquake. It shows that the proposed method can generate realistic and authentic behaviors for virtual characters. To simulate an individual's emotion during the evacuation, we used three virtual characters named Bob, Joan, and Jack to represent type-C, type-AEO, and type-N people respectively. Their emotional states are showed on the virtual heads in Figures 19-21 . Figure 22 shows variations of fear intensities for Bob, Joan, and Jack during the evacuation. The x-axis is time (frame number) and the y-axis is fear intensity. These characters have random initial fear intensities. While they are in the building, their fear will be enhanced by emotional contagion. The value will be up to 1, which is the maximum value of emotion intensity, when they are near the exit. After leaving the building, the fear intensity will decrease with passing time. Without emotional contagion, the value will not rebound. Figure 23 shows variations of hope intensities for these three characters. When they are in the building, there is no hope. After escaping from the building, the hope intensity will increase with time. Figure 24 shows variations of speed from inside to outside of the building. The speed decreases with passing time.
The proposed game has been demonstrated in a primary school (Figure 25 ). Pupils are interested in learning safety knowledge with this new method. Results showed that users' experiences can be effectively enhanced and the learning effect can be greatly improved with the proposed behavioral model.
A survey has been carried out among students. When they were asked whether they were able to deal with real dangers similar to the ones they experienced in the game, 62% of students said yes, 9% of students said no, 10% said they had no idea, and 19% said maybe. The result showed that after playing the game, pupils' escape knowledge and safety awareness have increased significantly.
Visual simulation of crowd behavior in earthquake evacuation
Sixty virtual characters were designed to validate the proposed model. Helbing's social force model and our proposed model are simulated respectively. In the social force model, characters were treated as particles without emotion. Therefore, characters move in random directions and the crowd distributes symmetrically (see Figure 26) . To improve the result, we introduced ''emotional force,'' which exists in the real world, into the social force model. With emotion and emotional contagion, small groups and panics appear in the crowd. The crowd does not distribute symmetrically, as shown in Figure 27 .
Conclusion
Influenced by global natural disasters and terrorist attacks, the number of emergencies is rising. Therefore, simulating individual and crowd behavior in emergencies has a great practical significance. Virtual simulation technology can deduce potential safety hazards from multiple perspectives and can be a new approach to public safety education and emergency and crisis management. With this technology, emergency drills can be tested in virtual environments and will not be restricted by time and space. Using virtual animation, decision-makers can develop evacuation contingency plans efficiently. After studying people's behavior in earthquakes, this paper proposes a method for more accurate and realistic simulations of individual and crowd behaviors. The contributions include:
Designing a cognitive architecture on the basis of existing simulation technologies and behavior observations. With this architecture, autonomous virtual characters can be constructed, and various behaviors and emotions can be simulated; Developing a platform for earthquake evaluation and summarizing behavior pattern and judging Proposing a crowd behavior model on the basis of the social force model. The experiment showed that panic spreads very fast in the crowd. Individuals tend to follow others when panicking. In this circumstance, small groups will generate and the crowd will be unruly during the emergency evacuation. Therefore, reducing panic and emotional contagion are key issues to end chaos in the crowd. Emotional factors should be considered carefully in contingency planning and crowd management.
Simulating behavior in earthquakes is a challenging subject, and there are many elements to be studied. Further work can be carried out to study the model of emotional contagion from the perspective of crowd optimization. Work also needs to be done to compare existing models with real earthquake videos.
Funding healthcare, virtual and augmented reality and natural language processing, in over 100 peer-reviewed publications, including nine books on serious games with Springer. She has received grants from the RCUK, EU, NHS, NESTA, UK government, charities, and a variety of other sources for her research on VR and serious games for stroke rehabilitation, cystic fibrosis, autism, medical education, cultural heritage, Holocaust education, and preventing gender-based violence.
Tian Chen is a professor at Shanghai Dianji University. Her main research interest is Virtual Reality.
Cuijuan Liu is a student in Ningbo University. Her research interests include virtual reality, augmented reality, humancomputer interaction, and edutainment.
Yanjie Chai is a lecturer at Ningbo University. Her main research interests include computer games and artificial intelligence.
